The interaction between Coxiella burnetii and peritoneal macrophages obtained from immune guinea pigs was studied by transmission electron microscopy. Phagocytosis and subsequent fate of ingested phase I and II rickettsiae were compared. Phase I rickettsiae were more resistant to phagocytosis than were phase II organisms. Macrophages from phase I-and II-immunized animals were equally capable of phagocytizing rickettsiae. Phase I and II rickettsiae previously treated with normal serum multiplied and destroyed macrophages from guinea pigs that had been immunized with phase II rickettsiae. Phase II organisms were initially suppressed in macrophages from phase I-immunized animals, but eventually multiplied in these cells. In contrast, only phase I organims were destroyed by macrophages from phase I-immunized animals. Treatment of rickettsiae with immune serum enhanced ingestion by macrophages and potentiated the destruction of organisms by both types of macrophages. The macrophage migration inhibition assay was performed on peritoneal exudate cells from immune animals. Migration of peritoneal macrophages from phase I-immunized guinea pigs was inhibited, whereas macrophages from phase II-immunized animals migrated when cells were cultured in the presence of killed, intact phase I or II C. burnetii.
The two host-controlled variants of Coxiella burnetii, i.e., the naturally occurring phase I and the phase II which appear on serial passage in the yolk sacs of embryonated hen eggs, were first described by Stoker and Fiset (20) . The interaction between phagocytic cells and these rickettsial strains in vitro has been reported by various investigators. Brezina and Kaz6r (3) and Wisseman et al. (22) found that polymorphonuclear leukocytes (PMN) are capable of phagocytizing C. burnetii. However, they did not report the fate of ingested rickettsiae. Downs (5) found that phase II rickettsiae were more resistant to phagocytosis by normal macrophages than were phase I organisms, whereas Kazdr et al. (11) and Kishimoto and Walker (13) concluded the reverse to be true. Our previous electron microscopy study on the interaction between normal guinea pig peritoneal macrophages and C. burnetii showed that normal serum-treated phase I organisms were more resistant to phagocytosis than were phase II rickettsiae. Both phases of rickettsiae multiplied within phagosomes after phagocytosis, with resultant destruction of macrophages (12) . 1 Present address: International Institute of Cellular Molecular Pathology, B-1200, Brussels, Belgium. 2 Present address: Plum Island Animal Disease Center, P.O. Box 948, Greenport, Long Island, NY 11944.
Recent studies indicate that cell-mediated immunity (CMI) may play a role in C. burnetii infection. Our previous light microscopy studies (13) demonstrated that peritoneal macrophages from phase I-immunized guinea pigs are capable in vitro of killing ingested phase I rickettsiae in the absence of immune serum. Jerrells et al. detected long-term cellular immunity to C. burnetii in humans by lymphocyte transformation assays (10) .
This study was undertaken to determine whether immunological specificity is associated with macrophages. Because of the small size of C. burnetii and the difficulty in quantitating death or growth of organisms, the in vitro interaction between phase I and II rickettsiae and peritoneal macrophages from immune guinea pigs was studied by transmission electron microscopy (TEM).
To determine whether CMI is involved in C. burnetii infections, we used the macrophage migration inhibition (MIF) test, an in vitro correlate of CMI (2).
MATERIALS AND METHODS Preparation of rickettsial stock suspension. The third egg passage of the Henzerling strain of C. burnetii in phase I and the 88th egg passage of the 602 KISHIMOTO ET AL.
phase II Nine-Mile strain were grown in chicken embryo cells as previously described (13 normal or immune heat-inactivated guinea pig serum. Serum-treated rickettsiae were then added to macrophage cultures at a ratio of 100 rickettsiae/ macrophage and incubated for 60 min at 370C. The inoculum was removed by aspiration, and the macrophage cultures were washed three times with 5 ml of HBSS. Macrophages for immediate examination were processed at this time for TEM. Fresh medium was added to those held for longer periods, and incubation continued at 370C. Infected cells were washed twice daily with HBSS, and fresh medium was added to minimize re-phagocytosis. No antibiotics were used in this study.
Electron microscopy. Infected and uninfected macrophages were processed for examination by TEM as previously described (12) . The percentage of macrophages containing ingested rickettsiae and the subsequent fate of organisms are based upon the mean of four replicates at each sample time. One hundred to 200 cells were examined in each experiment. A Hitachi HU-12 electron microscope operating at 75 kV was used.
Enzymatic analyses. Peritoneal macrophages from phase I-and phase II-immunized guinea pigs were harvested and processed for (i) /8-glucuronidase, (ii) f8-acetylglucosaminidase, (iii) lysozyme, and (iv) acid phosphatase as previously described (12) . Alkaline phosphatase activity was measured with p-nitrophenylphosphate (16 mM) as substrate according to the method of Rausch and Canonico (18) . Protein concentrations were determined by an automated Lowry procedure (14) using bovine serum albumin as standard. Inhibition of macrophage migration. The agarose droplet method of Harrington and Stastny (8) was used to detect the presence of MIF. Nine separate agarose-cell mixture droplets were tested for each sample. After the cell suspension hardened, 0.2 ml of E199 medium supplemented with 15% fetal calf serum and containing 2 x 107 killed, whole phase I or 4 x 10" phase II rickettsiae was added. For controls, 0.2 ml of E199 without rickettsiae was used. The plates were incubated at 37°C for 24 h in a humid atmosphere of air containing 5% CO2. Cells from nonimmune guinea pigs were included as controls for antigen toxicity. Agarose-cell droplets were examined with an inverted microscope fitted with a 0.5-mm grid in the ocular. The number of squares transversed by the migrating cells was recorded, and the following formula was used to express the inhibition of macrophage migration: % migration inhibition = 100 mean area of migration with antigen mean area of migration without antigen x 100 RESULTS Richettsial phagocytosis. Phase I rickettsiae treated with normal serum were more resistant to phagocytosis by macrophages from phase I-and II-immunized animals than were phase II organisms (Table 1) . Macrophages from phase I-immunized animals ingested approximately six times as many phase II as phase I rickettsiae. Similarly, macrophages from phase II-immunized animals ingested approximately five times as many. Thus, there were no differences in the phagocytic uptake of richettsiae by the two types of macrophages. Pretreatment of phase I and II rickettsiae with homologous immune serum enhanced the phagocytic uptake of both phases of organisms. The average number of ingested rickettsiae per infected cell is shown in the last two columns of Table 1 . The phagocytic uptake of phase I and II rickettsiae by macrophages from phase I-or II-immunized animals was comparable to that seen with nonimmune macrophages as previously reported (12) . All rickettsiae were found within well-defined phagosomes. These results are similar to our previous findings with light microscopy (13) . When the third egg passage of a Nine-Mile strain in phase I was substituted for the phase I Henzerling strain, the phagocytic uptake and subsequent fate of ingested organisms were similar. Fate of ingested rickettsiae. Phase I and II organisms treated with normal serum remained intact within phagosomes of macrophages from phase II-immunized animals after the 60-min interaction period. Ingested rickettsiae multiplied, resulting in a 5-to 10-fold increase in number by the 3rd day after phagocytosis (Fig. 1) . When rickettsiae were added to macrophages from phase I-immunized animals, the growth of phase II rickett- on October 26, 2017 by guest http://iai.asm.org/ Downloaded from siae was inhibited slightly for about 24 h, but eventually the organisms multiplied, with ultimate destruction of the macrophages. In contrast, only phase I organisms were degraded within macrophages from animals immunized with the homologous antigen. Rickettsiae appeared to be degraded as early as 60 min (Fig.  2) ; usually 1 day after infection no intact rickettsiae were observed.
The fate of normal serum-treated and antibody-treated rickettsiae within macrophages was compared over a 3-day period. Immune serum not only enhanced phagocytic uptake of phase I and II organisms, but also appeared to have potentiated their destruction within phagosomes of macrophages. Many rickettsiae were seen in various stages of degradation immediately after the 60-min interaction period (Fig. 3) . The cytoplasm of rickettsiae often contracted away from the cell wall or was entirely absent. Few unaltered rickettsiae were observed at this time, but rickettsial membranous fragments were observed. Most of the ingested organisms were degraded by 5 h after infection. No intact organisms were seen at 34 h. This observation was constant regardless of the phase of rickettsiae in the test or ofthe antigen used for immunization.
In this study we again observed two morphological forms of C. burnetii in phagosomes of macrophages as previously described (13) .
One type was thick-walled and rod-shaped, measured 0.2 by 0.5 tum, and contained either a filamentous or dense nucleoid mass. The other was round to oval and thin-walled, measured 0.4 by 0.8 um, and contained more dispersed nucleoid filaments.
Enzymatic analyses. Lysosomal enzyme activity of macrophages from immune guinea pigs is summarized in Table 2 . No significant differences in the specific activity ofthe hydrolases were observed between macrophages obtained from phase I-or II-immunized guinea pigs. In vitro culture of cells resulted in significant increases in the specific activity of 18-glucuronidase and jB-acetylglucosaminidase. Lysozyme and alkaline phosphatase, on the other hand, showed substantial reductions of activity.
Inhibition of macrophage migration. The direct MIF tests were performed 12 to 14 days after the last immunization. The migration of macrophages obtained from guinea pigs immunized with phase I organisms was inhibited by phase I and II C. burnetii (Table 3) . In contrast, migration of macrophages from phase II-immunized or nonimmunized normal animals was not inhibited by either antigen. immunized with either phase I or II antigens than are phase II organisms. We found no evidence that macrophages from guinea pigs previously immunized with phase I rickettsiae ingested homologous phase I more avidly than the heterologous phase II organisms. These results are consistent with the results of our previous study (13) and those of Kazar et al. (11) .
Results of the present study demonstrate that phase I and II organisms are capable of replicating unchecked in macrophages ob- tained from animals immunized with phase II antigens. Both phase I and II organisms multiplied at about the same rate in well-defined phagosomes within macrophages. Growth of phase II organisms was suppressed for approximately 24 h in macrophages obtained from animals immunized with phase I antigen; by 48 h, rickettsiae started to multiply freely. However, phase I rickettsiae were repeatedly degraded in the absence of immune serum by macrophages from phase I-immunized animals. Downs (5) observed inconsistent suppression of phase I and II rickettsiae in immune macrophages by light microscopy. It is not known at this time why phase II rickettsiae were not degraded by macrophages from animals immunized with homologous antigen. Since infected macrophages to be held longer than 60 min were washed daily with HBSS and fresh medium was added, re-phagocytosis of released organisms from dead macrophages was held to a minimum. Consistent with our previous findings (12), two morphological forms (small rod-shaped and larger round to oval) of phase I and II rickettsiae were again observed in phagosomes of infected macrophages. The larger forms developed 1 to 2 days after ingestion of normal serum-treated rickettsiae, where they were observed as early as 60 min after ingestion of antibody-treated organisms. It appears that the larger cells were swelling before disruption and were derived from the rod-shaped forms.
The role of immune serum in the phagocytic uptake and subsequent fate of ingested rickettsiae was also considered. Our studies have shown that the specific humoral antibody not only enhances phagocytosis, but also potentiates destruction of ingested organisms. In this study, sera were heated for 30 min at 560C, indicating that complement was not necessary for the degradative process. Therefore, it appears that the presence of homologous immune serum is important in the control of C. burnetii infection.
Hydrolase activities were measured in macrophages from phase I-and II-immunized animals in an attempt to explain the differences in the fate of ingested rickettsiae. The enhanced in vitro rickettsicidal capacity of macrophages from phase I-immunized guinea pigs against homologous organisms does not appear to be attributed to greater hydrolase activity. Macrophages from phase II-immunized animals were shown to have comparable levels of hydrolases, yet failed to demonstrate an enhanced rickettsicidal capacity against phase II organisms. An interesting finding was the elevated alkaline phosphatase activity on day 0 when compared with that on days 2 and 3.
Previous histochemical studies, however, demonstrated that the majority of alkaline phosphatase activity is associated with PMN rather than with macrophages (P. G. Rausch, personal communication (6, 15, 17, 19) have shown enhanced phagocytic, bacteriostatic, or even bactericidal effects of macro-natants will confer upon normal peritoneal macrophages the ability to kill ingested rickettsiae.
Results of our present study suggest that the macrophages have an active role in the host's immune response to C. burnetii infection. Our previous light microscopy study demonstrated the specificity of killing by macrophages from phase I-immunized animals, since an unrelated rickettsia, Rickettsia rickettsii, was able to replicate in these cells (13) . Immunological specificity of macrophages has been demonstrated for other organisms such as vaccinia virus (1, 7, 20) . We are currently attempting to elucidate the mechanism that enables macrophages from phase I-immunized animals to degrade phase I rickettsiae in the absence of immune serum.
